The crystal structure of the hypothetical protein TA1238 from Thermoplasma acidophilum was solved with multiple-wavelength anomalous diffraction and refined at 2.0 Å resolution. The molecule consists of a typical four-helix antiparallel bundle with overhand connection. However, its oligomerization into a trimer leads to a coiled 'super-helix' which is novel for such bundles.
Introduction
One of the major benefits of the Protein Structure Initiative (http://www.nigms.nih.gov/psi/) is the opportunity to infer the molecular and cellular functions of novel proteins by comparisons with the known structures. To this end, extensive effort has gone into developing and enhancing widely accessible databases and bioinformatics tools (e.g., www.ncbi.nlm.nih.gov, http://ca.expasy.org, www.ebi.ac.uk, http://scop.berkeley.edu) which can often be utilized successfully for identifying the function of unknown proteins (e.g., [1, 2] ). It is to be expected that as the number of solved protein structures increases, the success rate for their functional annotation should also increase, in part because of enrichment of the databases with new information and in part due to improvement in the bioinformatics tools themselves.
Here we report the crystal structure of the TA1238 gene (gi16082243) product from Thermoplasma acidophilum, solved and refined at 2.0 Å resolution. The TA1238 protein displays remarkably high structural homology with a number of proteins with wide range of functions, while it has no sequence similarity with them. Automated analysis of patterns of sequence and structural conservation did not produce reliable indications of the protein's function. We carried out automated searches with ProFunc [3] as well. ProFunc contains bioinformatics tools such as InterPro [4] to scan for sequence motifs; BLAST search vs. PDB entries; matching folds detected by SSM; residue conservation analysis; gene neighbors; search for DNA-binding motifs (helix-turn-helix); NEST analysis to identify structural motifs that are often found in functionally important regions of protein structures [5] [6] [7] and 3D functional template searches [8, 9] . None of these searches yielded strong functional clues.
Detailed comparison with cobalamin adenosyltransferase led us to hypothesize that TA1238 is involved in cobalamin biosynthesis. This biological function should be tested.
Materials and methods

Cloning, purification, and crystallization
The gene (GenBank Accession No. gi16082243) encoding protein TA1238 was cloned from T. acidophilum genomic DNA and its gene product was expressed, selenomethionine(Se-Met)-labeled, and purified from a bacterial system using the NiNTA affinity procedure as described elsewhere for Methanococcus thermoautotrophicum proteins [10] . In brief, TA1238 recombinants were expressed in the Escherichia coli strain BL21 Gold in 1 l Luria-Bertani medium supplemented with 50 lg/ml kanamycin and 50 lg/ml ampicillin. The culture was incubated at 37°C with shaking until it reached an optical density of 0.7 at 600 nm. The culture was induced with 0.4 mM isoprolylthiogalactoside (IPTG) for 3 h at 37°C, then allowed to grow overnight with shaking at 24°C. Cells were harvested by centrifugation, disrupted by sonication, and the insoluble cellular material was removed by centrifugation. TA1238 was purified using Ni-NTA affinity chromatography with the N-terminal hexahistidine affinity tag. Purified TA1238 was concentrated and quantified at 280 nm.
Crystallization experiments were conducted using the hanging-drop vapor diffusion method at room temperature. The purified protein was crystallized with the hexahistidine tag still attached. The final crystallization conditions were 16% polyethylene glycol 3350 (PEG3350) as the precipitant, 0.3 M ammonium chloride, 0.1 M sodium acetate at pH 4.6, and 12% glycerol. For X-ray diffraction studies, crystals were flash frozen by plunging from the crystallization drops directly into liquid nitrogen.
Crystallographic data collection
A three-wavelength anomalous diffraction experiment was carried out on the 19ID beamline of the Structural Biology Center at the Advanced Photon Source (Argonne National Laboratory). First, the fluorescence spectrum in the 25-eV range immediately before and after the Se absorption edge was recorded from the test crystal of Se-Met-substituted TA1238 protein. The CHOOCH program [11] was used to calculate f 0 values from measured values of f 00 , and to plot them vs. energy. Diffraction data were collected from the fresh crystal at the Se absorption peak, at the rising inflection point, and at remote energy (13 keV) above the absorption edge. An additional data set was collected from a native protein crystal on the same beamline. This data set was collected in two steps -(50-2.66 Å ) and (50-2.0 Å ) resolution swipes. An approximately 40 times higher dose rate was used for the higher resolution swipe, resulting in some overloads at low resolution and better measured higher resolution reflections. All data were measured with a custom-built 3 · 3 tiled CCD detector [12] . The d*TREK program suite [13] was used for data collection and visualization. All data were integrated and scaled with the program package HKL2000 [14] . Some of the basic statistics of data collection and processing are given in Table 1 .
Results and discussion
Structure determination and refinement MAD phasing of TA1238 data up to 2.5 Å resolution was carried out with the CNS program suite [15] . Little less than half of the model was built automatically with the ARP/wARP program [16] and the model was completed interactively with QUANTA (Accelrys, Inc.). The model was then refined against later-obtained 2.0 Å native data with one global cycle of CNS consisting of rigid body, simulated annealing, B-factor, and positional refinements. All subsequent refinement was performed with REFMAC5 [17] , as implemented in CCP4 [18] . Phasing and refinement parameters are shown in Table 2 . The coordinates of TA1238 have been deposited into the Protein Data Bank [19] with the entry code 1NIG.
Spatial model of TA1238
In the asymmetric unit of TA1238 crystals, 148 of 152 amino acid residues of the protein monomer and 41 solvent molecules were located. Residues Glu149, Val150, Arg151, and Leu152, as well as the hexahistidine tag, could not be fitted unambiguously and are missing from the model. For the same reason, the side chains of Met1, Asp2, Pro64, Glu65, Asp63, Lys67, Asp70, Phe71, Lys74, Phe78, Lys89, Glu121, and Lys128 were modeled only partially.
Residues Val19, Ser39, Lys43, Arg45, Arg48, Glu49, Ile50, Lys87, Glu88, Asn91, Asn92, Gly93, Asn94, Ser105, Arg116, Glu119, Glu130, and Leu135 have been modeled in more than one conformation. Of these, Val19, Ser39, Arg45, Asn92, Gly93, and Ser105 can be reliably modeled as distinct rotamers. The disorder of Lys43, Arg48, Glu49, Ile50, Lys87, Glu88, Asn91, Asn94, Arg116, Glu119, Glu130, and Leu135 is more complicated. These side chains do not have discrete electron densities, most likely because of disorder at more than one v angle and/or several closely related values of these angles. Segment 91-94, connecting the helices a 4 and a 5 , has two conformations in its backbone as well.
The TA1238 molecule consists of six a helices, a 1 (residues 18-40), a 2 (43-60), a 3 (69-79), a 4 The numbers in parentheses correspond to the last resolution shell.
(85-92), a 5 (94-119), and a 6 (128-148) (Figure 1a) . At its N-terminus, there are also two short b strands, b 1 (residues 4-7) and b 2 (residues 12-15), forming a b hairpin. The four long helices -a 1 , a 2 , a 5 and a 6 -form a typical left-handed [19] , antiparallel a helical bundle with a 1 ›a 2 fla 6 ›a 5 fl topology. Helices a 2 and a 5 are linked with a long (residues 62-93) overhand connection [20] , common for this class of helical bundles. It contains two shorter helices, a 3 and a 4 , and wraps around the bundle. The non-helical parts of this connection are rather flexible, as indicated by alternative conformations and disorder of several residues.
The monomer of TA1238 belongs to the socalled square bundles, in which all helix-helix interaction angles are parallel [21] . They are more stable as stand-alone structural formations than other types of bundles [22] because they allow larger hydrophobic cores to be buried. Furthermore, in antiparallel packing of square bundles, favorable dipole-dipole interactions occur between antiparallel pairs [20, 22, 23] . The TA1238 monomer is tightly packed with strictly hydrophobic internal residues.
The distance between the centerlines of a 1 and a 5 is about 7.5 Å , which is considerably shorter than the observed mean distance of 9.6 Å between the closest adjacent helix pairs in other four-helix bundles [24] . To enable such a close approach, all side chains except Ala and Gly are pointing away from the interface between a 1 and a 5 . This facilitates formation of a tightly packed trimer with a core of three a 1 /a 5 helix pairs ( Figure 1b ). To our best knowledge, such a sixstranded coiled coil has not been observed previously. The a 1 helix of each monomer is interacting with the a 5 of the same monomer and with the a 5 and a 4 of the other. Due to the close approach of a 1 and a 5 , the core of the trimer is compact, allowing additional side-chain interactions between the monomers. Further stabilizing interactions also exist on the trimer surface. For example, the shortest helix, a 4 , from the overhand connection of one monomer (monomer B in Figure 1b) , is interacting with helices a 1 and a 2 of monomer A. Furthermore, the b hairpin at the N-terminus of monomer A is interacting with helices a 5 and a 6 and with the overhand connection of monomer B. All of these interactions are replicated by the molecular triad.
About 30% of the molecular surface of each monomer is buried within the oligomerization interface. This super-coiled trimer can be referred to as a 'parallel trimer' because all three molecules have the same orientation relative to the trimer axis, with their N-termini on one end of the coil and their C-termini on the other.
Structural and sequence homologues
A sequence homology search with NCBI BLAST [25] against a nonredundant protein database resulted in only two hits, both from other archaea: 66% sequence identity with uncharacterized conserved protein (gi13541189) from Thermoplasma volcanium and 33% identity with hypothetical protein (gi22405829) from Ferroplasma acidarmanus. All other matches were with small segments of much larger proteins with widely varying functions.
Despite a very low level of sequence conservation, structural comparisons carried out using the secondary-structure-matching (SSM) algorithm (www.ebi.ac.uk/msd-srv/ssm) produced a large number of hits. Perhaps this is not surprising, since helical bundles are well represented in intra-and inter-molecular interactions. The strongest similarity was found with the structures of cobalamin adenosyltransferases (Figure 2 ), TA1434 from T. acidophilum [26] (PDB entry 1NOG) and YvqK protein from Bacillus subtilis (PDB entry 1RTY) with RMS deviations of 2.42 Å for 110 aligned C a atoms and 2.39 Å for 113 C a atoms, respectively. 1NOG and 1RTY are virtually identical to each other, with RMSD of 1.13 Å for 146 aligned C a atoms. Because of such remarkable structural similarity, including their oligomerization, it might be tempting to suggest a functional relation between TA1238 and cobalamin adenosyltransferase. On the other hand, the sequence identity of TA1238 with these two proteins is only 13 and 19%, respectively, with another 29 and 23% of residues displaying similarity. Moreover, the conserved residues do not form specific patterns of conservation and are distributed along the whole sequence. Furthermore, many of these residues are are shown superimposed; for clarity, the third monomer of each trimer is omitted. Arg119 and Glu126, the active site residues of TA1434, are represented by the stick models of their side chains. Arg104 of TA1238 is equivalent to Arg119 and is also shown but not labeled. Helices a 5 and a 6 align very well, while there is some shift in helices a 1 and a 2 (in TA1238 numbering) caused by the b hairpin of one monomer bumping into the N-terminal end of the other. The shifts are better seen in monomer A. The biggest differences between the two structures are in the overhand connection between helices a 2 and a 5 . Instead of one long helix in TA1434 parallel to the four-helix bundle, there are two shorter helices in TA1238, a 3 and a 4 . Helix a 3 is almost perpendicular to its counterpart from TA1434. The rest of this segment also has different conformations in the two structures. The N-terminus in TA1434 is disordered and not seen on electron density maps, which indirectly points to a lack of b strands. Also, the configuration of this segment in TA1434 apparently does not lead to bumping of the a helices as in TA1238. (b) Close up of the presumed active site. Black labels correspond to TA1238 and yellow to TA1434. Hydrogen bonds between Glu81 from overhand connection and two arginines in the active site are shown in green dashed lines. (Figure was generated with PyMol, www.delanoscientific.com.).
Functional implications of structural similarity with cobalamin adenosyltransferase
More detailed inspection of the structural similarities and differences between TA1238 and TA1434 may shed light on the function of TA1238. Both proteins comprise four-helix bundles with one long overhand connection and a small extension at the N-terminus. They both form tight and very similar oligomers (Figure 2 ). There are several notable differences between the structures of TA1238 and TA1434. The N-terminus is not visible in TA1434, so it is not clear whether there is a b hairpin similar to that in TA1238. However, the absence of this part of the model is most likely caused by its disorder, indicating a lack of organization into a secondary structure. Also, in TA1238, the b hairpin causes relative shifts of a helices (Figure 2) . Lack of such tell-tail signs in TA1434 suggests the absence of the hairpin or its different conformation.
The overhand connection is the biggest difference between the structures of TA1238 and TA1434. In the former, it consists of 32 residues and contains two short a helices, a 3 and a 4 . The longer of these, a 3 , is essentially perpendicular to the main bundle. In TA1434, this connection is longer, 38 residues, most of which form a single long a helix almost parallel to the bundle (Figure 2 ).
In TA1434, there is a large cavity close to the middle of the super-coiled bundle (Figure 3b) . Two helices from different monomers (a 1 and a 5 in the TA1238 nomenclature) form the bottom of the cavity. Helices a 2 from one monomer and a 6 from the other create its two sides, and the C-terminal segment of the overhand connection contributes to the third side. The exact make up of the remaining forth side is not clear because the N-terminus of TA1434 is disordered and absent from the model. The equivalent region in TA1238 is partially occupied with the N-terminal b hairpin (Figure 2a) . In TA1238, this cavity is mostly filled by the b hairpin of one monomer and by the extended loop of the overhand connection of the other, leaving a narrow channel in its place (Figure 3b ).
In Pfam01923, to which cobalamin adenosyltransferases belong, there are nine invariant residues (Figure 4) . In TA1434 numbering, these are Asp7, Lys21, Gly30, Asp33, Arg119, Arg123, Glu126, Asn147, and Ser150. It was shown that Arg119 and Glu126, along with the conserved but not invariant Arg124, are essential for the enzymatic activity of TA1434 [26] . The invariant residues Asn147, and Ser150 interact with Glu126, stabilizing its side chain, and perhaps are also involved in catalysis. Furthermore, Asp33, donated by another monomer, stabilizes Arg119. Arg124 is in the interface between the two monomers and its function in TA1434 is most likely to stabilize the active site. This is supported by the observation that Arg124 is always paired with Glu34 and when the former changes to Glu, the latter also changes to serine or threonine, allowing the formation of hydrogen bonds between the side chains. It is difficult to understand the roles of Asp7 and Lys21, since they are missing from the model of TA1434. The role of Arg123, which is in the active site of TA1434, has not been studied.
Despite very strong structural similarity, conservation of these residues is dramatically different in TA1238. The only residues that remained invariant in TA1238 are Asp2 (Asp7 in TA1434 numbering) and Arg104 (Arg119 in TA1434). Interaction of Asp33 and Arg119 was replaced by that of Glu28 and Arg104 in TA1238. The catalytically critical Glu126 in TA1434 was replaced by a valine residue in TA1238 and surrounding residues are also mostly hydrophobic. Thus, from the functionally important residues, only Arg104 is structurally conserved in TA1238 (Figure 2) . It is noteworthy that in TA1238, Arg5 from monomer C and Arg24 from monomer A occupy the same general position as Arg123 in TA1434, which is conserved in Pfam01923 but is replaced by Asp108 in our structure. These arginines form hydrogen bonds with the side chain of Glu81 from monomer A (Figure 2b ). The absence of the catalytic glutamate, equivalent to the one in TA1434 and conserved in Pfam, casts doubt on the function of TA1238 as cobalamin adenosyltransferase. However, the architecture of the surface depression is nearly identical in the two proteins (except for the overhand connection), suggesting that TA1238 still might be involved in cobalamin biosynthesis in some capacity and bind similar ligands. Moreover, the Arg/Glu content of this site is similar in the two proteins: Arg119, Arg123, Arg124, and Glu126 in TA1434, and Arg104, Arg5, Arg24, and Glu81 in TA1238. Maintenance of similar residues with different configuration may indicate the possible binding by TA1238 of the compounds from the cobalamin biosynthesis pathway. The 'problematic' overhand connection which blocks the entrance to this site Figure 4 . Sequence alignment of Pfam01923 proteins and TA1238. The proteins are from the following organisms: TA1238 from Thermoplasma acidophilum, TA1434 from Thermoplasma acidophilum, gi2649297 from Archaeoglobus fulgidus, gi16413587 from Listeria innocua, gi5103556 from Aeropyrum pernix, gi13813522 from Sulfolobus solfataricus, gi13540929 from Thermoplasma volcanium, gi532812 from Caenorhabditis elegans, gi18144564 from Clostridium perfringens, and gi16413604 from Listeria innocua. First, Pfam proteins were aligned and then TA1238 sequence was added based on structural alignment of TA1238 and TA1434. Bold letters indicate the residues that are invariant throughout the family, excluding TA1238. Stars show the only two residues that are also invariant in TA1238. Numbers at the top of the alignment are those from the TA1238 sequence and at the bottom -from TA1434. Note residues 34 and 124 in Pfam and 5, 24, and 81 in TA1238, whose possible roles are also discussed in the text.
in the TA1238 structure could be involved in a gating mechanism, modulated by such factors as the ligand binding itself and/or protein-protein interactions. This segment is characterized with considerable flexibility, which might allow the conformation changes to expose the active site.
In the current model of TA1238, helix a 3 is flanked by two phenylalanines, Phe71 and Phe78, both of which are fully extended into the solvent and are disordered. Also, in the middle of the overhand connection, Trp83 is also extended into the solvent. This somewhat unusual exposure of strongly hydrophobic residues to the solvent might point to the potential of this segment to be a protein-protein interaction site. It might also point to the intrinsic propensity of this segment for conformational rearrangement in order to internalize the hydrophobic residues. In either case, the potential active site depression could be exposed for ligand binding. Furthermore, the stabilizing interactions of Glu81 from overhand connection with Arg5 and Arg24 (Figure 2b ) would certainly be affected by ligand binding, thus serving as one of the triggers for a gating mechanism. If the conserved Arg1104 can be presumed responsible for specific binding of ligand(s), then the absence of the catalytic Glu might point to the function of TA1238 as transporter protein rather than enzyme.
It is also possible that at the temperature of $95°C and pH range of 2-4, which are prevalent in the natural environment of T. acidophilum, the active site of the protein is more exposed. Indeed, extended polypeptide chains were shown to increase their a helical contents at lower pH [27, 28] . If the existing a 3 helix were to lengthen, it would most likely align with a 2 and a 6 because such helix-helix interactions would be energetically favorable. It would require considerable rotation of the a 3 helix, thus opening the access to the conserved Arg104.
Even though it is outside the scope of this work within structural genomics, this hypothesis could probably be tested by studying the interactions of TA1238 with various relevant ligands from the cobalamin biosynthesis pathway; by measuring its helical content at different pH values; and by potential protein-protein interactions with the members of the cobalamin biosynthesis pathway.
Other structural homologues
The TA1238 protein is structurally also similar to rubrerythrins (PDB codes 1JYB, 1DVB, 1B71, and 1LKM) and ferritins (PDB codes 1HRS, 1KRQ, and 1EUM). These also form four-helix bundles, but other structural details are significantly different than in TA1238; for example, the four-helix bundles are longer. Additional structural elements are larger than the N-terminal b hairpin of TA1238 and are on the C-terminus of these proteins; their overhand connections are mostly without any a helices and are on the opposite side of the bundle as compared with TA1238. The latter also lacks the characteristic 'buckle' in the middle of the bundle where the metal ion is bound in rubrerythrins.
Some similarity was also found between TA1238 and interferons (PDB codes 1B5L, 1AU1), but this is likely due to the prevalently a helical structures, which form five-helix bundles. Another dramatic difference is that TA1238 and cobalamine adenosyltransferases form a novel super-coiled bundle that is functionally necessary. To our best knowledge, this type of oligomerization of four-helix bundles has not been previously observed.
